Prolonged contact times between organic contaminants and soil decrease the 53 bioavailability of these compounds for uptake by organisms or for degradation by 54 microorganisms in a process often referred to as 'ageing' (Belfroid et al., 1995; 55 Alexander, 2000; Northcott and Jones, 2001) . Thus measuring the total concentration 56 of organic contaminants present at contaminated sites may lead to over conservative 57 risk assessments as only the bioavailable fractions can cause toxic effects. Recently, 58 approaches for ecological risk assessment have been developed where bioavailability 59 data, obtained from the results of bioassays are used (Harmsen, 2007) . These 60 bioassays only respond to the bioavailable fraction of contaminants ( Heijden and Jonker, 2009). However these calculations do not account for differences 87 in the metabolic fate of different contaminants and carry significant assumptions. 88
When using passive sampling methods, like solid phase micro-extraction (SPME) 89 fibres, these assumptions include using contaminant K ow values as approximations for 90 bioconcentration factors. When using mild solvent extractions (e.g. butanol) or 91 depletive sampling extractions (e.g. cyclodestrin or tenax extractions) even further 92 assumptions have to be made by using generically derived K oc values (van der Heijden 93 and Jonker, 2009). The latter is a very substantial assumption considering field 94 contaminated soils have been shown to have K oc values several orders of magnitude 95 above generically derived ones (Hawthorne et al., 2002; Jonker, et al., 2007) . 96 97 We propose a novel method to evaluate the ability of chemical extractions to predict 98 PAH bioavailability to earthworms and plants that can account for differences in 99 bioaccumulation concentrations caused by different contaminant properties. This 100 5 method follows the same principle used in a previous study on the effect of ageing in 101 sediments on PAH accumulation at the top levels of aquatic food chains (Moermond 102 et al., 2007) . Here we spike a soil historically contaminated with PAHs, with 103 deuterated PAHs (dPAHs) enabling a comparison of the extraction and uptake of 104 freshly spiked PAHs and aged historic PAHs by chemical methods and accumulation 105 bioassays. dPAHs have been used as internal standards in many studies involving 106 PAHs as they have very similar properties to their respective undeuterated analogue 107
PAHs (Bucheli et al., 2004; Bergknut, et al., 2007) . They should therefore also have 108 the same metabolic fate and partitioning properties as their respective undeuterated 109 analogue PAHs. Consequently, a method that correctly predicts the fraction of PAHs 110 available to earthworm and plants should extract the freshly spiked dPAHs and the 111 aged historic PAHs in a similar ratio to that in which they are accumulated within 112 earthworm and plant tissues. Comparing the ratio in which the chemical method 113 extract the PAHs with that in which it accumulates in the soil organism, enables a fair 114 assessment of these chemical methods to measure bioavailability. This cannot be 115 achieved by simply comparing the concentration of a compound accumulated in a soil 116 organism with that extracted by the chemical method. 117 118 This investigation aims to use this novel method to evaluate the ability of butanol and 119 cyclodextrin extractions, two of the most widely reported methods, to predict PAH 120 bioavailability to earthworm and plants in soils. 121 (Table 1) we assume there is no difference between the uptake processes or the metabolic fate 147 of dPAHs and PAHs within the organisms. Determining whether this assumption is 148 true is therefore important when using these ratios to evaluate the potential of the 149 chemical methods to predict the bioavailable fraction. 150 7 151
Soil extractions 152 153
To determine the total amount of PAHs in the soils five replicate 4 g portions of soil 154 were agitated in 10 ml of 1:1 by volume acetone/hexane mixture for 2 hours on an 155 orbital shaker (Orbital Shaker SO1, Bibby Sterilin Ltd, Stone, Staffordshire, UK) at 156 250 rpm. After extraction the samples were left to settle for 30 min, and then 2 ml of 157 solution were placed in a test tube containing 0.1 g of dry sodium sulphate before 158 transferring to gas chromatography vials for analysis (LOD=0.05 mg kg -1 ). This 159 method was adapted from a mechanical shaking method previously reported to give 160 better recoveries than a Soxhlet extraction (Song et al., 2002) . 161
Two different kinds of butanol extraction were carried out; a vortex extraction where 162 10 g of soil were mixed in 15 ml of butanol solvent and agitated for 120 s (Liste and 163 , and a shake (Reid et al., 2004) where 10 g of soil were mixed with 164 15 ml of butanol and placed on a rock and roll shaker for 12 hours. All butanol 165 extractions were passed through 0.45 µm polytetraflouroethylene (PTFE) filters 166 obtained from Chromacoal Ltd (Welwyn Garden City, UK) and were replicated 5 167 times before analysis by GC/MS. The method detection limits were 0.01 mg kg -1 and 168 0.015 mg kg -1 for the butanol mix and shake respectively. Only adult earthworms with a clitellum were used in the bioassays. Five earthworms 192 were exposed to 250 g of the spiked soils at 20ºC for 20 days in loosely sealed amber 193 glass jars; 20 days was selected for consistency with the plant bioassays. After 194 exposure, the earthworms were rinsed with water and kept on wet filter paper for 24 h 195 to allow them to clear their guts. They were then cleaned, weighed and frozen at -20 196 ºC before being ground with 7 times their weight of dry sodium sulphate using a 197 pestle and mortar. Earthworms were then extracted following a saponiphication The loss of historic PAHs from the gasworks soils was higher than previously 277 anticipated for a soil with contamination that had been ageing for decades. We 278 hypothesise that introducing some freshly available dPAHs may have stimulated the 279 microbial activity in the soil and induced the catabolism of some historic PAHs 280 (Bauer and Capone, 1988; Reid et al., 2002) . There was a greater loss of the freshly 281 spiked deuterated naphthalene than that of its historic counterpart in both the soil that 282 was not exposed to any organisms and the soil that was exposed to plants (p<0.01). Low concentrations of phenanthrene and deuterated phenanthrene accumulated in the 304 earthworms exposed to the gasworks soil, resulting in highly variable accumulation 305 ratios. Differences between the dPAH:PAH ratios accumulated in the earthworms and 306 those extracted by the chemical methods are therefore not statistically significant. 307 However, there are highly significant differences in the ratios of dPAH:PAH 308 accumulated in the earthworms exposed to the gasworks soil compared to those 309 extracted by the chemical methods for the heavier 4-5 ring PAHs (pyrene and 310 benzo(a)pyrene) (p<0.001). The ratios can be up to 6 times bigger in earthworm 311 tissues relative to some chemical methods when considering benzo(a)pyrene. This 312 implies that the benzo(a)pyrene fraction bioavailable to earthworms differs 313 significantly to that predicted by the chemical methods. Earthworms accumulate an 314 increasingly higher proportion of the fresh dPAHs with increasing PAH size. 315
Although the mode of toxicity of benzo(a)pyrene to earthworms is non-polar narcosis 316 it is a proven human carcinogen and as such is the main risk driver for many 317 contaminated sites in the UK. Heavier PAHs have been shown to have relatively 318 higher potencies as aryl hydrocarbon receptor agonists (Barron et al., 2004) , and 319 benzo(a)pyrene has a relative carcinogenic potency several order of magnitude higher 320 than other PAHs like phenanthrene (Pufulete et al., 2004) . Therefore it is important 321 for chemical methods to correctly assess the bioavailablity of benzo(a)pyrene. A large 322 number of investigations that attempt to validate the use of chemical methods to 323 predict bioavailability often only use smaller 3-4 ringed PAHs like phenanthrene as 324 models (Kelsey, et al., 1997; Tang and Alexander, 1999; Reid, et al., 2000; Liste and 325 14 , so care must be taken when extrapolating these results to the 326 heavier more recalcitrant and toxic PAHs in soil. 327
328
It was expected that the dPAH:PAH ratios for the Kettering loam bioassays and 329 chemical extractions would be at or close to unity as the 2 different kinds of PAHs 330 were added on the same day and in equal concentrations to the soil. The results 331 corroborate this, indicating that dPAHs have a similar behaviour to that of their 332 analogue undeutrated counterparts. It is therefore safe to assume that any differences 333 between the ratio of dPAH:PAH accumulated by the earthworms or plants and the 334 ratios in the chemical extractions from the gasworks soil are because they are 335 accessing different pools of PAHs and not because of any inherent difference in the 336 uptake rate or metabolism of dPAHs and PAHs. This confirms that dPAH 337 amendments can provide a good indication of the ability of a chemical method to 338 predict the bioavailable fraction. 339
340
The fact that earthworms did not show signs of preferential accumulation of the 341 dPAHs relative to the PAHs in the Kettering loam therefore confirms that the 342 increased relative accumulation of the dPAHs from the gasworks soil is due to the 343 higher availability of these freshly spiked dPAHs to earthworms relative to the 344 historic PAHs. The chemical methods to predict bioavailability should have reflected 345 this by extracting dPAHs and PAHs in a similar ratio to that accumulated in the 346 earthworms. The concentrations of the different PAHs and dPAHs extracted by the 347 different chemical methods were examined to determine whether the reason for their 348 smaller dPAH:PAH ratios in the extractions relative to those in the earthworm were 349 due to chemical methods extracting less dPAHs than those accumulated in the 350 15 earthworms, more of the historic PAHs than those accumulated in the earthworms, or 351 a combination of the two. The concentrations in the acetone hexane extractions, the 352 butanol mix and the cyclodextrin extractions indicated that the lower ratios were 353 caused by a combination of both factors, whereas the butanol shake extractions had 354 extracted higher concentrations of the historic PAHs. The concentrations of the 355 dPAHs in both butanol extractions were similar but the 12 hour shake extracted even 356 more of the historic PAHs, suggesting the increased contact time enabled the 357 extraction of the more recalcitrant historic PAHs. Earthworms were therefore found to 358 accumulate smaller amounts of historic PAHs than was predicted by any of the 359 chemical methods. This is probably due to the lower chemical activity of historic 360
PAHs relative to the freshly spiked dPAHs. Extraction methods like the ones used in 361 this study involve shaking which maximises chemical potential gradients and 362 minimises the kinetic constraints. This is not the case in the earthworm bioassays, 363 where there will be a kinetic limitation of PAH uptake into the earthworms. Methods 364 that provide a measure of the chemical activity of a substance, which is related to its 365 energetic state (Reichenberg and Mayer, 2006) , could therefore give a better 366 indication of accumulation in soil organisms. Cyclodextrin and butanol extractions 367
give a measure of the bioaccessible concentration, which is the portion of the total 368 concentration that is or can become bioavailable (Alexander, 2000) . This could 369 explain why some studies have found poor correlations between the amounts of PAHs 370 accumulated in earthworms and those extracted by butanol or cyclodextrin extractions 371 (Hickman and Reid, 2005; Bergknut, et al., 2007; Gomez-Eyles, et al., 2010) . There 372 are a number of studies however in which butanol and cyclodextrin extractions 373 provide a better indication of the bioavailable fraction of an organic contaminant than 374 exhaustive extraction methods (Kelsey, et al., 1997; Liste and Alexander, 2002; 375 Hartnik et al., 2008) . This is also true in this investigation as despite being 376 significantly smaller than the ratio of dPAH:PAH accumulated in the earthworms, the 377 ratios of dPAH:PAH extracted by the cylcodextrin and 120s butanol extractions are 378 still closer to the bioassay values than the dPAH:PAH ratio of the exhaustive acetone 379 hexane extraction. 380 381
Comparing ratios of dPAH:PAH between chemical methods and plant 382
bioassays 383
384
The ratios of dPAH:PAH accumulated in the rye grass roots exposed to the gasworks 385 soil are closer to those extracted by the chemical methods relative to the ratios 386 accumulated in the earthworm tissues for pyrene and benzo(a)pyrene ( Figure 2) . 387
Again most of the significant differences occur with the heavier 4-5 ringed PAHs. For 388 pyrene all chemical extractions remove a significantly higher proportion of the 389 historic PAHs except for the 120s butanol extraction (p<0.05). The acetone hexane 390 and 12 hour butanol extraction also extracted a significantly higher proportion of the 391 historic benzo(a)pyrene than that which accumulates in the plant roots (p<0.01). This 392 is not the case for the cylodextrin and the 120s butanol extraction. The 120s butanol 393 extraction and in some cases the cyclodextrin extraction therefore generally provide a 394 better indication of the fraction of PAHs available to plants than the more exhaustive 395 acetone hexane extraction. It is hard to validate these results in the literature as few 396
investigations have been carried out attempting to relate chemical methods to predict 397 bioavailability to plant accumulation, although in a previous investigation we found 398 that a number of chemical methods did not improve the description of the variation in to earthworms. When exposed to the spiked gasworks soil they are likely to deplete 408 the more readily available dPAHs surrounding them. The earthworms on the other 409 hand are more mobile and are therefore likely to come across areas of soil they have 410 not explored before. When exposed to these areas of soil, they will preferentially 411 accumulate a higher proportion of the more bioavailable dPAHs before they move on 412 to another area of soil where they will do the same. Differences in dPAH:PAH ratios 413 between plants and earthworms could also be due to the earthworm tissues being more 414 lipophilic than the root tissues causing more of the readily available dPAHs to 415 partition into their tissues. Other reasons could include differences in the PAH uptake 416 mechanisms between the two organisms. 417 bioavailablity to different soil biota. We believe that using this isotope ratio method 438 can enable the comparison of methods that give an indication of the chemical activity 439 of a contaminant (e.g.SPME or POM) with those that give an indication of 440 contaminant accessibility (e.g. Tenax or cyclodextrin). This is of particular interest as 441 previously comparisons between methods have been made by comparing correlations 442 between chemical methods and bioaccumulation assays, or by using equilibrium 443 partitioning calculations to make predictions. In the former approach the correlations 444 are largely affected by the partitioning and metabolism of the contaminant within the 445 organism whilst the latter approach involves substantial assumptions, particularly 446 when using measurements from mild solvent and depletive sampling extractions. We 447 also suggest using a representative 5-ringed PAH like benzo(a)pyrene in tests of 448 chemical extractions due to the importance of this class of PAH in risk assessment. It 449 is therefore of particular importance that the fraction of the benzo(a)pyrene extracted 450 19 by the chemical methods examined in this investigation was the one that differed most 451 substantially from that accumulated in the earthworms. 
